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Abstract

A facile hydrothermal method for the synthesis of α-Fe2O3 nanocrystals is described. The crystalline structure and morphology of the as-
prepared product were investigated by using X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). Powder X-ray diffraction pattern exhibited pure rhombohedral structure. The
SEM and TEM results showed that the average diameter of the highly crystalline ellipsoid shape α-Fe2O3 nanocrystals was about 40–50 nm. The
band gap energies were investigated by the UV–vis absorption studies.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Recently, the synthesis of oxide nanoparticles have received
more attention due to their unique optical, electrical and
magnetic properties [1,2].

Fe2O3 has four phases: α-Fe2O3 (hematite), β-Fe2O3, γ-Fe2O3

(maghemite), and ξ-Fe2O3 [3]. Among them α-Fe2O3 has the
corundum structure, while the others have the cubic structure
[4]. Magnetic nanoparticles of γ-Fe2O3 have been used in
magnetic refrigeration, information storage, controlled drug
delivery, bioprocessing and ferrofluids [5,6], while α-Fe2O3 is
of great interest for potential applications as a gas sensor,
lithium ion battery, catalyst, and pigment [7–9]. The environ-
mental friendly α-Fe2O3 (hematite), an n-type semiconductor
(Eg=2.1 eV), is the most stable iron oxide phase under ambient
conditions. It is widely used in gas sensors, catalysts, high
density magnetic recording media, clinical therapy and diag-
nosis, negative temperature coefficient of resistance, ferrofluids,
high resistivity to corrosion, printing ink, magnetic resonance
imaging, photoelectrodes for solar energy conversion and
especially biomedical field [6,10–18]. Most of these functions
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depend strongly on the structure and morphology of the
semiconductor materials, and one-dimensional (1D) α-Fe2O3

nanostructured material exhibits better electrochemical perfor-
mance than that of bulk samples.
Up to now, a variety of α-Fe2O3 nanostructured materials in

various geometrical morphologies have been successfully pre-
pared, such as nanowires [19,20], nanocubes [21], nanoparticles
[22], nanorods [23,24], nanobelts [25], nanorings [26], nanofi-
bers [27], nanotubes [7,28], nanocages [29], nanoflakes [30] and
complex hierarchical structures [31].
Su et al. synthesized hematite nanobelts and nanoflakes by

oxidation of iron-coated ITO glass in air [32]. Esmaeili et al.
used ferric-sugars, ferric-hydrazine and ferric-oleic acid as
precursor to synthesize hematite nanoparticle via thermal
treatment routes [33]. Jahangirdar et al. prepared α-Fe2O3

nanoparticles by a low temperature solution combination
method [34]. α-Fe2O3 nanotubes have been synthesized by
hydrothermal method by Song et al. [35]. Also, 3D urchin-like
α-Fe2O3 nanostructure have been prepared by Sun et al. [36].
In this study, uniform α-Fe2O3 nanocrystals were synthesized

by a simple hydrothermal process. The synthesis was performed
in aqueous solution with the aid of organic ligand. The results of
characterization showed that the product composed of α-Fe2O3

nanocrystals with the diameter of 40–50 nm.
ghts reserved.
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Fig. 1. XRD patterns of the as-prepared α-Fe2O3 samples at (a) 160 1C, and
(b) 180 1C at 24 h.
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2. Experimental

2.1. Materials and methods

All the chemicals were of analytical grade and were used as
received without further purification.

X-ray diffraction patterns were recorded by a Rigaku D-max
CIII, X-ray diffractometer using Ni-filtered Cu Ka radiation.
Scanning Electron Microscopy (SEM) images were obtained
on RMRC, VEGA TS 5136XM equipped with an energy
dispersive X-ray spectroscopy. Transmission electron micro-
scopy (TEM) images were obtained on a philips-cm10 ht-
100 kV transmission electron microscope. Fourier transform
infrared (FTIR) spectra were recorded on Rayleigh WQF-5 10
spectrophotometer in KBr pellets. The electronic spectra of the
complexes were taken on a Bio UV–visible spectrometer
(Varian Cary 100).

2.2. General procedure for the synthesis of α-Fe2O3

nanocrystals

In a typical synthesis, 2 mmol of salicylidene 2-
aminophenol was dispersed in aqueous solution of 2 mmol
sodium acetate. After 15 min stirring, an aqueous solution of
1 mmol of Fe(NO3)3 � 9H2O was added. The yellow color of
ligand solution changed to red immediately, which was then
transferred into teflon lined stainless steel autoclave with
100 ml capacity, sealed and maintained at 110, 140, 160 and
180 1C for 24 h and at 140 1C for 6, 12 and 18 and 24 h. After
the hydrothermal procedure, the autoclave cooled down to
room temperature. The red precipitate was collected and
repeatedly washed with distilled water and absolute ethanol
and dried at 70 1C for 10 h.

3. Results and discussion

3.1. X-ray diffraction analysis

The crystallinity of the as-synthesized α-Fe2O3 was exam-
ined by XRD analysis. Fig. 1 shows the powder X-ray
diffraction patterns of the resultant products obtained at
different temperatures. All the diffraction peaks were readily
indexed to a pure rhombohedral phase of α-Fe2O3 (JSPDS
Card no. 24-0072) with a¼b¼5.0380 Å and c¼13.7720 Å.
The diffraction patterns are well matched with the literature
[37] and no impurity peaks were observed. Furthermore, the
strong and sharp diffraction peaks confirm the high crystal-
linity of the products.

It is known that line broadening of diffraction peaks is
influenced by the crystallite size and the internal strains. The
approximate crystallite size, d, can be evaluated using Scher-
rer's equation

d¼ kλ=β cos θ ð1Þ
where k is the so-called shape factor (0.9), λ is the wavelength
(0.15418 nm, Cu Kα), β is the full width at half maximum
(FWHM), and θ is the diffraction angle. From Scherrer's
equation, the crystallite size of the nanoparticles at 160 and
180 1C were 37 and 44 nm, respectively.
The crystallinity and sizes of the resultant products were

customarily enhanced by varying the reaction temperature. In
higher temperature there is a significant grain growth and
better crystallinity in comparison with lower temperatures.

3.2. Scanning electron microscopy

The morphologies and microstructures of the as-prepared
products were illustrated by SEM observations. Figs. 2 and 3
show the detailed morphology of the hematite, from which
weakly agglomerated α-Fe2O3 nanocrystals were clearly
observed at different times and temperatures. As can be seen
in the SEM images, nanostructures were in the form of
nanocrystals with 40–50 nm in diameter. The agglomeration
of nanocrystals is usually explained as a common way to
minimize their surface free energy; however, some authors
have reported that the agglomeration is assigned to the
presence of organic radicals that act as binders [38].

3.3. Transmission electron microscopy

Fig. 4 displays the TEM images of the α-Fe2O3 nanoparti-
cles. Most primary nanocrystals had ellipsoid shapes and
completely discrete from each other, or connected together in
some part of the samples. Agglomeration would occur when
the TEM specimens were prepared by placing a small drop of



Fig. 2. SEM images of the as-prepared α-Fe2O3 samples at 140 1C for (a) 6 h, (b) 12 h, (c) 18 h and (d) 24 h.
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the solutions onto a microgrid. The average diameter of the
primary particles was 40–50 nm. The rombohedral crystalline
structure of some particles can be seen clearly.
3.4. Formation mechanism

Prior to hydrothermal process, a FeLn complex was formed
by complexation of Fe(III) with Schiff base ligand that was
derived from salicylaldehyde and 2-aminophenol. In the
presence of CH3COO

� the FeLn complex was probably
hydrolyzed to form FeOOH or Fe(OH)3; and finally, the
resulting FeOOH or Fe(OH)3 decomposed into α-Fe2O3.
During the hydrothermal process, some of the organic ligands
would be dissociated from the Fe(III) and the newly formed
Fe2O3 particles were partially capped with organic ligand. The
formation of ellipsoid shape α-Fe2O3 based nanoparticles is
most likely due to the fact that the formation of complexed
Fe2O3 particles and the dissociation of organic ligand pro-
ceeded simultaneously during the hydrothermal process. The
time-dependent morphology evolution study was conducted at
140 1C. The product obtained after 6 h is composed of
spherical particles (Fig. 2a). Extending the reaction time to 12 h
led to the agglomeration of the product (Fig. 2b). A mixture of
ellipsoid and lozenge-like nanostructures was formed after 18 h
(Fig. 2c). After 24 h, the less agglomerated nanostructures were
obtained (Fig. 2d).
In addition to the reaction time, the effect of reaction

temperature on the formation of the product was also studied
at 24 h. At 110 1C, the agglomerated nanoparticles are formed
(Fig. 3a). When the temperature was raised to 140 1C, some of
the agglomerated particles were dissociated (Fig. 3b). At
160 1C ellipsoid particles are formed (Fig. 3c) that was more
crystallized at 180 1C. Therefore, it clearly shows that increas-
ing temperature and time can favor the formation of more
crystalline nanostructures under the experimental conditions.
3.5. Fourier transform infrared spectroscopy

The formation of α-Fe2O3 nanoparticles was further con-
firmed by FT-IR spectroscopy. Fig. 5 shows FT-IR spectra of
the as-formed α-Fe2O3 samples at different temperatures. The
spectra show two characteristic bands of Fe–O at 465–474 and
548–555 cm�1. The Fe–O frequencies of the samples prepared
at 160 and 180 1C are sharper and stronger which show the
better crystallinity of the nanostructures at higher temperature.
The absorption bands at 3400 cm�1 are due to the presence of
water. FT-IR spectra show that there is a small amount of
capping agent (organic ligand) on the surface of as-prepared



Fig. 3. SEM images of the as-prepared α-Fe2O3 samples at different temperatures: (a) 110 1C, (b) 140 1C, (c) 160 1C and (d) 180 1C for 24 h.

Fig. 4. TEM images of the as-prepared α-Fe2O3 samples at different temperatures: (a) 160 1C, (b) 160 1C, (c) 180 1C for 24 h.

M. Mohammadikish / Ceramics International 40 (2014) 1351–13581354
products and confirm the stabilization of Fe2O3 nanoparticles.
In the FT-IR spectra of the Fe2O3 samples, the CåN stretching
frequencies at 1618 cm�1 did not change related to free ligand,
this phenomena shows that the ligand does not coordinate to
metal center and the connection may be due to adsorption or
intermolecular interaction.

3.6. UV–vis spectroscopy and optical properties of α-Fe2O3

Nanostructured materials usually exhibit blue-shift phenom-
ena in optical properties compared with the bulk counterparts.
To reveal the electronic structure and size effect, UV–vis
absorption measurement of the as-prepared α-Fe2O3 nanoparti-
cles were carried out. According to the literature [39,40], two
absorption regions are expected between 200 nm and 600 nm.
The absorptions were observed at 200–300 nm centered at
270 nm (region 1) and at 400–600 nm with maximum about
540 nm (region 2) in Fig. 6. The first region mainly results from
the ligand to metal charge transfer transitions and partly
contributed from the Fe3+ ligand field transitions 6A1-

4T1

(4P). In the second region the absorption peaks are mainly due
to the 6A1+

6A1-
4T1 (

4G)+4T1 (
4G) excitation of an Fe3+–Fe3+



Fig. 5. FTIR spectrum of the as-prepared α-Fe2O3 samples at different temperatures: (a) 180 1C, (b) 160 1C, (c) 140 1C and (d) 110 1C for 24 h.
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Fig. 6. UV–vis spectrum of the as-prepared α-Fe2O3 samples at (a) different
temperatures and (b) different times.
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pair, possibly overlapped with the contributions of 6A1-
4E,

4A1 (
4G) ligand field transition and the charge-transfer band tail.

Xu et al. [41] reported similar results in α-Fe2O3 nano leaves
synthesized by oxygenating pure iron. Further, Zhang et al. [42]
reported the absorption spectrum of α-Fe2O3 nanoparticles
suspended in ethanol. The absorption bands at 310 and
414 nm are assigned to the 6A1-

4T1 (
4P) and 6A1-

4T2 while
the absorption bands in the visible region near 580 nm and
681 nm are assigned to the 6A1+

6A1-
4T1 (4G)+4T1 (4G)

double exciton process (DEP) and 6A1-
4T2 (4G) ligand field

transitions of Fe3+ respectively.
It is a well-established fact that as a consequence of the

quantum confinement of photogenerated electron-hole pairs,
the UV–vis absorption spectra of semiconductor quantum dots
is size dependent [43,44]. It is also noteworthy in this work
that the absorption shoulder is red shifted with an increase in
reaction temperature and time. This shows that crystal sizes
increase with increasing reaction temperature; however, the
SEM images of the products show that there is not a
considerable change in the particle size of the nanospheres
(Figs. 2 and 3). The direct band gap energy (Eg) of α-Fe2O3

nanoparticles was estimated using Tauc equation [45]

εhνð Þ ¼ C hν–Eg
� �n ð2Þ

where C is a constant, ε is the molar extinction coefficient, Eg

is the average band gap of the material and n depends on the
type of transition. The values of the molar extinction coeffi-
cients for the synthesized nanocrystals are more than 900; thus,
we can assume that the transitions in the nanocrystals are
allowed direct transitions. For n¼1/2, Eg in Eq. (2) is the



M. Mohammadikish / Ceramics International 40 (2014) 1351–13581356
direct allowed band gap. The average band gap was estimated
from the linear portion of the (εhν) vs. hν plots (Fig. 7) and
was found to decrease with an increase in reaction temperature
from 110–180 1C and reaction time from 6–24 h (Table 1).
The band gap values were higher than that of bulk iron(III)
oxide α-Fe2O3 (2.1 eV) due to the quantum confinement of
α-Fe2O3 nanocrystals.
Fig. 8. FTIR spectra of the as-prepared α-Fe2O3 samples in absence of sodium a
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Fig. 7. Tauc plot of α-Fe2O3 at 140 1C and 12 h.

Table 1
Optical band gaps (Eg) of α-Fe2O3 samples at different temperatures and times.

Time dependence at 140 1C Temperature dependence at 24 h

6 h 12 h 18 h 24 h 110 1C 140 1C 160 1C 180 1C

Eg (eV) 2.7 2.65 2.60 2.55 2.75 2.55 2.50 2.3
3.7. The effect of sodium acetate

In addition to the reaction time and temperature, to elucidate
the effect of sodium acetate some reaction was also carried out
in the absence of this reagent. In the absence of sodium
acetate, the FTIR spectra of the first sample, at 110 1C and
24 h (Fig. 8a), shows no Fe–O characteristic peak, but the
vibrational frequencies of the Schiff base is sharper. When the
reaction was carried out at 140 1C and 24 h (Fig. 8b), there is
just some broadening in 400–500 cm�1 which is the char-
acteristic region of Fe–O stretching vibrations. The XRD
analysis confirms the formation of impure α-Fe2O3 (Fig. 9).
In the XRD pattern, the diffraction peaks can be indexed as
orthorhombic hematite but some amorphous solid was also
cetate at: (a) 110 1C, 24 h (b) 140 1C, 24 h (c) 160 1C, 18 h (d) 180 1C 18 h.
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Fig. 9. XRD patterns of the impure α-Fe2O3 samples prepared in absence of
sodium acetate at 140 1C and 24 h.



Fig. 10. SEM images of the as-prepared α-Fe2O3 samples prepared in absence of sodium acetate at (a) 140 1C, 24 h (b) 160 1C, 18 h (c) 180 1C 18 h.
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observed. This experiment was done at 160 and 180 1C in 18 h
without sodium acetate. The FTIR spectra (Fig. 8c and d) show
two characteristic bands of Fe–O at 461–469 and 559–
563 cm�1. Therefore, it clearly shows that in the absence of
sodium acetate, increasing temperature can favor the formation
of α-Fe2O3 under the experimental conditions. SEM images of
these samples are shown in Fig. 10. Here, in comparison with
previous experiment in the presence of sodium acetate, more
agglomeration can be observed.
4. Conclusion

In summary, hematite nanocrystals were successfully pre-
pared and easily collected by a simple hydrothermal route in a
one-step process. No γ-Fe2O3 phase was observed in the XRD
patterns of the samples. TEM analysis showed that the particle
size is controllable, with diameters about 40–50 nm. It has
been found that the variations in reaction temperature and time
have no significant effect on the shape and morphology of the
α-Fe2O3 nanoparticles. However, the crystallite size of the as-
produced material increases with increasing reaction tempera-
tures and times. It is surprising to find that the pure sample of
α-Fe2O3 nanoparticles cannot form in the absence of sodium
acetate in lower temperatures.
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